Abstract -We report on the activation, inhibition and propagation of controllable neuron-like spiking signals at sub-nanosecond speeds (>7 orders of magnitude faster than neurons) in artificial optical neurons based upon Vertical-Cavity Surface-Emitting Lasers. These results offer great prospects for future ultrafast photon-enabled neuromorphic computing platforms.
like spiking dynamical signals in VCSEL-based artificial optical neuronal models. These results, similar to the operation of excitatory and inhibitory cortical neurons in the brain, are obtained at ultrafast (sub-nanosecond) speeds (up to 9 orders of magnitude faster than neurons). We will also introduce at the conference different proposed schemes both excitatory and inhibitory VCSEL-based optical neurons, based on all-optical and opto-electronic excitation techniques. Furthermore, we will also introduce our results reporting on the controllable communication between multiple spiking patterns at sub-ns rates between interconnected VCSEL-neurons under different networking arrangements. Finally, we will also introduce first results demonstrating the ultrafast optical emulation of actual neuronal circuits at ultrafast speeds using interconnected VCSEL-based artificial photonic neurons. Importantly, our results are obtained with inexpensive, off-the-shelf VCSELs operating at the key telecom wavelengths of 1310 and 1550nm; hence making our approach fully compatible with current optical telecommunication network technologies. These features are of great interest for future photon-enabled ultrafast neuromorphic computing platforms for novel paradigms in information processing going beyond traditional microelectronic/CMOS digital processing techniques.
II. RESULTS fig. 1 ). Full details on the experimental setup and properties of the VCSELs used in this work can be found in [6] [7] . The blue plots in fig. 1 depict the responses obtained in each of the two cases at the output of a first VCSELneuronal model whilst the red plots show the responses obtained from the second connected VCSEL-neuron. In both cases, prior to the perturbation's arrival the device yields a stable temporal output as it is injectionlocked to the external injection. Then, the arrival of the incoming perturbation (providing it is strong enough) brings the system out of the locking regime and the device responds firing a spiking signal. Once the perturbation is over, the VCSEL returns back to the initial injection-locked state yielding once again a constant temporal pattern. The fired spikes have a temporal length of only approx. 100 ps with inter-spiking intervals under 1 ns. We show that controllable spiking patterns with desired number of spikes can be generated, as seen in fig. 1 , where two cases yielding 1 and 4 spiking events are presented. Additionally, in [6] [7] we also demonstrated that a threshold in perturbation strength needs to be exceeded for the VCSEL-neuron to fire a sub-ns spiking event. These features are also observed in excitatory biological neurons. Importantly, the red plots in fig. 1 show that the controllably generated spiking signals from the first VCSELNeuron are successfully communicated to the second interconnected device which reproduce the exact same spiking pattern. In addition to controllably generating neuron-like spiking signals to emulate the responses of excitatory biological neurons, we have recently demonstrated the controllable suppression of spike firing outputs in VCSEL-neuronal models, much as biological inhibitory neurons do in the brain [8] . Full details on this work can be found in [8] and will be presented during the conference. Furthermore, we have also very recently demonstrated that spike firing dynamical signals at ultrafast sub-nanosecond speeds can be generated not only under all-optical experimental configurations but also under system architectures where the incoming perturbations (stimuli) are electronically-injected into the VCSEL-neuronal models via their applied bias currents [9] . Figs. 2(a-d) show examples where tuneable ultrafast spiking signals with configurable number of spikes are obtained at the output of a VCSEL-neuron under the injection of electrically-encoded perturbations with different temporal lengths. Finally, the temporal map in fig. 3 collects in a single plot the VCSEL's response to 40 consecutive perturbations for each of the four cases analyzed in figs. 2(a-d) , as indicated. This map illustrates the repeatability of the generated spiking dynamics as these are consistently obtained for all consecutive perturbations entering the device. 
III. CONCLUSION
We review our work on VCSEL-based artificial spiking optical neurons. We show that these devices can generate (and inhibit) tuneable neuron-like spiking dynamical signals at sub-nanosecond speed rates (>7 orders of magnitude faster than biological neurons). We show that these ultrafast spiking regimes can be successfully communicated between interconnected VCSEL-based photonic neuronal models. During the conference we will also report on our latest results demonstrating that basic neuronal circuits can be reproduced at very high speeds using VCSEL-based neuronal models. We believe these results hold great promise for compact, highly interconnected and ultrafast optical neuronal models for future neuromorphic photonic processors going beyond current electronic computing platforms.
